Acute thermal injury of rat skin produces an early, acute hemoglobinemia that is associated with the presence in blood of osmotically fragile red cells (RBC) that do not contain on their surfaces measurable amounts of complement components. The hemoglobinemia and the appearance in blood of osmotically fragile RBC appear to be the result of complement activation, which leads to oxygen radical production by neutrophils and damage of RBC. This has been demonstrated in vitro as well as in vivo by the ability of antioxidant interventions or neutrophil or complement depletion procedures to prevent the appearance of osmotically fragile RBC and the release of hemoglobin. These data may be relevant to the complications of hemoglobinemia and hemoglobinuria accompanying thermal injury in humans.
Introduction
Red cell lysis produced in vitro by fluid phase activation of the complement system is a well-known phenomenon that has been explained by a relatively inefficient process associated with a detergent-like effect of the complement-derived membrane attack complex (C5b-9) (1, 2). It is also known that endothelial cells and red blood cells (RBC)' can be damaged or destroyed in vitro by oxygen radicals produced by complement or phorbolactivated neutrophils (3) (4) (5) . Following acute thermal injury in humans there is evidence of both systemic activation of the complement system as well as intravascular hemolysis, the latter being indicated by appearance of hemoglobin in the plasma.
The mechanism of hemolysis has not been determined. Infusion into burn patients of red cells derived from normal donors has resulted in accelerated breakdown of the transfused cells, suggesting an active process of red cell destruction (6, 7) .
We have previously shown that, following acute thermal injury to the skin of rats, systemic activation of the complement system occurs, resulting in appearance in plasma of the complement-derived anaphylatoxin, C5a, formation of leukoaggregates, and sequestration of neutrophils in lung capillaries (8) . These events result in iron-dependent injury of pulmonary vas-plement causing 50% lysis of sensitized red cells; CVF, cobra venom factor, DMSO, dimethyl sulfoxide; DMTU, dimethyl thiourea; PEG, polyethylene glycol; PMA, phorbol myristate acetate; RBC, red blood cells; SE, sheep erythrocytes; SEA, antibody-sensitized sheep erythrocytes; SOD, superoxide dismutase; TBS, triethanolamine-buffered saline. cular endothelial cells, the damage perhaps being attributable to generation of hydroxyl radical (HUY) from blood neutrophils (9) . Both the local skin injury as well as the pulmonary microvascular injury are associated with the appearance in plasma of products of lipid peroxidation (9) . We now report evidence of intravascular hemolysis in the model of acute thermal injury and the role of complement and toxic oxygen products from activated neutrophils in the destruction of red cells. Our observations suggest that intravascular hemolysis occurring in the thermally injured rats is mainly mediated by oxygen radicals released from complement-activated blood neutrophils, sug- gesting that complement activation products are only indirectly related to the hemolytic event. These studies appear to be among the first demonstrating that oxygen radicals produced in vivo from neutrophils can cause RBC damage and destruction in vivo.
Methods
Animals and compounds. Young adult male Long-Evans rats (Charles River Laboratories, Portage, MI) were used throughout these studies. Polyethylene glycol-modified catalase (PEG-catalase, 1,200 U/kg) and polyethylene glycol-modified superoxide dismutase (PEG-SOD, 1,025 U/kg) (Enzon, Inc., South Plainfield, NJ) were injected intravenously 10 min prior to thermal injury. Hydroxyl radical scavengers, dimethyl sulfoxide (DMSO) (Fisher Scientific Company, Fair Lawn, NJ) or dimethyl thiourea (DMTU) (Alfa Products, Danvers, MA), were administered (1.5 ml/kg and 1,000 mg/kg, respectively) intraperitoneally 10 min prior to experimental procedures. Animals were anesthetized with ketamine hydrochloride (90 mg/kg) (Parke Davis and Co., Morris Plains, NJ) and xylazine (13 mg/kg) (Haver-Lockhart, Bayvet Division Miles Laboratories, Inc., Shawnee, KS).
Neutrophil and complement depletion. Circulating rat blood neutrophils (PMN) were depleted by intraperitoneal injection of 0.5 ml/100 g body weight of rabbit antineutrophil serum given 18 h prior to thermal injury, as described (10, 11) . This manipulation does not affect serum complement levels (10) . Cobra venom factor (CVF) was isolated from lyophilized cobra venom (Naja naja) by ion exchange and gel filtration chromatography (12) . Complement was depleted by intraperitoneal injection of cobra venom factor (40 U/rat) 24 h prior to thermal injury, resulting in complete loss of serum complement activity (CH50).
Thermal injury. Anesthetized (ketamine hydrochloride 90 mg/kg, xylazine 13 mg/kg) animals were thermally injured by 30 s exposure of the shaved lumbosacral skin to 701C water, resulting in a second-degree burn that involved -28% of the total body surface area (8) . Animals were kept under ketamine and xylazine anesthesia until sacrifice. At the time ofkilling, the abdominal cavity was opened, a 19-gauge needle was inserted into the inferior vena cava, and the blood was gently aspirated into a 5-ml plastic syringe containing 50 U heparin. Rats were then killed by cervical dislocation. The blood was centrifuged (1,000 g) for 15 min, resulting in separation of cells from plasma.
Osmotic-fragility. RBC were tested for osmotic fragility by the modified procedure of Nelson (13) . RBC were subjected to increasing hypotonicity in decreasing concentrations of NaCl. The cells were allowed to stand at room temperature for 20 min, then intact cells were removed by centrifugation. The absorbance values of supernatant fluids were determined at 540 nm and the percent hemolysis determined by reference to water-induced lysis of RBC.
Measurement of red cell products. Several different approaches to identify and quantitate red cell products present in plasma ofthermally injured rats were used (14). Plasma samples either diluted 1:10 in phosphate-buffered saline for direct absorbance studies, or undiluted samples were eluted from Sephacryl S-300 with phosphate-buffered saline. Samples were then measured for absorbance at 412 nm and also subjected to spectral scanning (350-650 nm) with a Beckman DU-6 UV/VIS spectrophotometer (Beckman Instruments, Fullerton, CA). Samples were also treated either with 15 mM sodium dithionite or with 100 mM sodium nitrite to determine if the respective reduction and oxidation products of hemoglobin occurred. Another quantitative measurement for the presence of hemoglobin included the benzidine converting activity that is associated with hemoglobin (15) . When hemoglobin is present, the addition ofH202 results in the conversion ofbenzidine to a condensation product that can be measured spectrophotometrically. The reference standard for this assay was crystalline rat hemoglobin obtained from Sigma Chemical Co. (St Louis, MO). Rat hemoglobin was also measured immunochemically using precipitating antibody (Research Plus, Inc., Bayonne, NJ) to rat hemoglobin in agarose gels employing double diffusion.
Column chromatography. Plasma samples obtained from rats 15 min after thermal injury were chromatographed on a Sephacryl S-300 column using phosphate-buffered (pH 7.4) saline at a flow rate of -0.5 ml/cm2 per h. Reference standards used in the chromatographic separation included dextran blue, equine cytochrome c, '251-labeled bovine serum albumin, and phenol red. Fractions collected were tested for presence of hemoglobin using three methods. First, each fraction was measured spectrophotometrically at 412 nm and absorbance spectra (350-650 nm) were obtained to determine ifthe characteristic Soret spectra were present. Second, the fractions were tested in the benzidine conversion assay (see above). Finally, the samples were tested immunochemically for the presence of hemoglobin.
In vitro hemolysis studies. Heparinized whole rat blood (1.0 ml) was incubated at 370C for 15 min in a stationary water bath with the addition of 0.75 ml physiologic saline containing 0.1 U of the complement activator, CVF. Various manipulations were used to determine effects on in vitro hemolysis. Hemolysis was measured by the supernatant content ofhemoglobin, using absorption at 412 nm as the endpoint. When PEGcatalase and PEG-SOD were used, 100 U/ml were added to the reaction vessel before addition ofCVF. The drawn from the inferior vena cava of animals that were anesthetized with sodium pentobarbital (150 mg/kg, given intraperitoneally). "Cr radioactivity of the blood was measured in a gamma counter. Rates of disappearances of the radiolabel from blood were calculated by the use of log plots and regression analysis.
Statistical analysis. Data were plotted as the mean ± standard error of the mean (SEM). The data were analyzed using Student's t test.
Results
Time course ofintravascular hemolysis following thermal injury. Rats subjected to thermal injury of skin consistently demonstrated evidence of intravascular hemolysis. At 0, 7.5, 15, 30, 60, 120, and 240 min following thermal injury of skin, plasma was examined (by absorbance at 412 nm) for hemoglobin content. As shown in Fig (Fig. 2) . In order to estimate the extent of intravascular hemolysis, known amounts of rat RBC were lysed in water and the resulting absorbance values (at 412 nm) were used to construct a doseresponse curve. From this, it was then possible to obtain extrapolated values for the amount of hemolysis at six time points following thermal injury, using plasma obtained from each of four animals at all time points. The data shown in Table I indicate that the calculated amount of RBC destruction reached a peak at 15 min with slightly <1% (0.88±0.047%) of the total RBC mass being lysed. Although these are minimal estimates, the data suggest that the mass of RBC undergoing lysis is small.
An additional analysis of plasma was carried out using the measurement ofbenzidine-converting activity, which correlates with hemoglobin content (15) . The results were compared to those employing absorbance values at 412 nm. Plasma was obtained from five rats before and 15 min after acute thermal injury. As shown in Table II , there were, on average, 10-fold increases in absorbance values at 412 nm in plasma samples after thermal injury. With respect to the benzidine converting activity, these values rose on average by a factor of 9 (Table II) . After constructing a dose-response curve for the benzidine converting activity present in crystalline rat hemoglobin, it was possible to calculate on the basis of data in Table II pale yellow, suggesting that little hemoglobinuria had occurred at this early interval. We also noted that at the 1 5-min interval no fall in blood hematocrits had occurred (data not shown). These observations underscore the limited extent of acute intravascular hemolysis after thermal injury. Nature ofproducts in rat plasma. The question ofthe more precise identification of products present in the plasma of thermally injured rats was addressed. As indicated above, whole plasma diluted 1:10 showed the characteristic Soret spectrum ofthree peaks ofabsorbance (Fig. 2) . The absence ofabsorbance at 624 nm excludes methemalbumin (16) . When plasma was treated with sodium nitrite the absorbance peaks at 540 and 578 nm were lost, coincident with a new peak at 630 nm, which correlates with the conversion of oxyhemoglobin to methemoglobin (16) . Treatment of plasma from thermally injured rats with sodium dithionite caused loss of absorbance at 540 and 578 nm and resulted in the appearance of a new peak at 556 nm, consistent with the reduction of oxyhemoglobin (16) . When plasma from thermally injured rats was eluted from Sephacryl S-300 using phosphate-buffered saline, a small peak of absorbance (at 412 nm) appeared in the void volume (as determined by the elution position ofdextran blue) while a large absorbance peak was present in the position near the bovine serum albumin marker. On spectral scanning, this latter peak of material had the characteristic Soret-bands, behaved on treatment with sodium dithionite and sodium nitrite as would be expected ofoxyhemoglobin (see above), and reacted immunochemically with antibody to rat hemoglobin with the production of a precipitin band in gel. Analysis (with absorbance at 412 nm) of samples eluting from the Sephacryl column beyond the 60,000-D marker failed to reveal material in any fraction, suggesting that myoglobin and/or cytochrome do not contribute to any major extent to the absorbance values obtained with whole plasma. We also noted that when nonfractionated plasma samples pre-and postthermal injury were tested by Ouchterlony analysis with antibody against rat hemoglobin, precipitin bands were only found in the postthermal injury sera. In aggregate, these data suggest that hemoglobin is the main contributor to the material that is present in postthermal injury in rat plasma and absorbs at 412 nm.
Analysis ofRBC for presence of complement components. To determine ifRBC from thermally injured rats show evidence ofthe presence ofcomplement components on their cell surface, the studies described in Table HI were carried out. As expected, opsonized and washed (SEA) that had been incubated with fresh rat serum when compared to nonopsonized sheep RBC (SE) that were similarly treated showed evidence ofincreased amounts of C3, C7, and C8 on their surfaces (Table III , experiment A). C3 was detected using antibody to rat C3, whereas C7 and C8 were detected by antibodies to human components. In experiment B, Table m, rat RBC obtained from each of five rats before and at 10 and 15 min after thermal injury failed to demonstrate evidence for increased uptake of complement components on RBC in the 15-min period after thermal injury when, as previously shown in Fig. 1 , intravascular hemolysis reached its peak. The intravascular hemolysis occurring after thermal injury thus is not demonstrably accompanied by uptake of complement components by RBC. Obviously it is possible that very small amounts ofcomplement proteins were not amenable to detection by these methods, or that uptake was very transient, or that RBC so modified were rapidly removed from the circulation.
Interventions protective against in vivo hemolysis. Previous investigations have describedprotective interventions (neutrophil depletion, iron chelators, oxygen radical scavengers) that will markedly reduce the lung injury occurring secondary to thermal injury of skin or following intravenous injection of CVF (8) (9) (10) 17) . It has been previously established that these interventions do not interfere with activation of the complement system (10, 17) . The effects of these interventions on the development of scavengers, DMSO or DMTU, also reduced the amount of hemoglobinemia by 63-86%. Although these data do not define the precise nature of the oxygen radicals involved in the hemolytic process following thermal injury, they suggest that oxygen radicals from complement-activated neutrophils are responsible for the intravascular hemolysis observed. Osmoticfragility ofrat RBC. RBC isolated from rats 15 min after thermal injury were subjected to a range ofhypotonic concentrations of NaCl and the amount of lysis determined spectrophotometrically, as shown in Fig. 4 . Using the values obtained with 0.45% (wt/vol) NaCl, RBC from thermally injured rats showed 55.9% hemolysis compared with 2.76% hemolysis of RBC obtained from nonthermally injured (control) rats. The protective effect in thermally injured rats of catalase is clearly shown in Fig. 4 in which no increased osmotic fragility of RBC was found. The effects on RBC osmotic fragility of in vivo protective interventions that reduce the amount of intravascular hemolysis are shown in Table IV Figure 3 . Effect of protective interventions on intravascular hemolysis in thermally injured rats at 15 min after skin bums. Data are expressed in a manner similar to that in Fig. 1 determine if an in vitro model could simulate the in vivo observations, CVF was added in limited amounts to rat blood (0.1 U CVF/ml blood) and the amount of hemolysis measured. Details of these procedures are described above. As shown in Table   V , there was a 23-fold increase in the absorbance (at 412 nm) of plasma after addition of CVF to whole blood, which was incubated at 370C for 15 min in a static water bath. A reduction (by 68%) in hemolysis occurred when catalase (100 U/ml blood) was present. A similar reduction in hemolysis was obtained with the presence of an equivalent amount of superoxide dismutase (SOD). The hemolytic event was also susceptible to the presence of the iron chelator deferoxamine (0.25 mg/ml) in which case there was a 73% reduction in the amount of hemolysis. The specificity of this protective activity was demonstrated by the loss of protective effects (only 15.2%) when iron-saturated deferoxamine was used. These interventions did not interfere with CVF-induced in vitro activation of complement, as determined by CH50 values (data not shown). Also, addition in vitro of CVF to blood from complement-depleted rats showed a 45.1% reduction in the amount ofhemolysis, as was also the case (51.3% reduction) when blood was obtained from rats that had been neutrophil depleted. Reasons for the incomplete inhibition of hemolysis caused by addition of CVF to blood obtained from either complement depleted or neutrophil-depleted rats is probably related to incomplete depletion of the blood elements. For comparison, it was demonstrated that addition of 200 ng of the potent leukocyte activator phorbol myristate acetate (PMA) to normal rat blood (1.0 ml) resulted in hemolysis that was at least as effective as that produced by addition of CVF to rat blood (Table V) . PMA treatment of rat blood had no effect on serum complement activity (data not shown). These results suggest that, under the conditions employed, activation of complement in whole blood will lead to a hemolytic event that requires the role of complement and neutrophils and is dependent on the generation of oxygen radicals in the presence of iron. This in vitro model supports the findings obtained in the thermally injured rats in which the intravascular hemolysis appears to be the result of iron-dependent toxic oxygen products generated by complement-activated neutrophils (8, 9) .
Discussion
We have demonstrated that thermal trauma of rat skin leads to limited but consistent intravascular hemolysis. It has been shown by others that oxygen radical species derived from leukocytes may participate directly in destruction of red cells both in vitro or in vivo (3) (4) (5) (18) (19) (20) (21) . It is well established that thermal injury activates the complement system, although the precise mechanism by which this occurs is currently unknown (8) . Complement activators are also known to produce changes in RBC directly via lysis associated with the C5b-9 membrane attack complex or indirectly via opsonization of RBC following uptake of C3b (1, 2, 22, 23) . In the current studies, depletion of either complement or circulating neutrophils precluded pathophysiologic events necessary for the induction of intravascular hemolysis after thermal injury. The depletion of circulating neutrophils prior to thermal trauma protected against the rise in plasma levels ofhemoglobin as compared to changes in thermally injured animals not previously depleted of neutrophils. On the other hand, the absolute requirement for both complement as well as neutrophils and the protective effects ofSOD, catalase, and HO scavengers imply that the generation of toxic oxygen products from neutrophils is the closest link to RBC destruction and that complement activation products probably participate in this sequence by stimulation of neutrophils. This assumption is further supported by the fact that red cells from thermally injured rats did not reveal evidence of complement uptake (Table III) , that the bum-related hemolysis could be simulated in vitro by complement or phorbol ester-activated blood neutrophils ( Table V) , and that in vivo as well as in vitro the presence of hydroxyl radical scavengers (DMSO, DMTU) or other protective agents (catalase, superoxide dismutase, deferoxamine), which neither affect the complement activity (10, 17) nor interfere with enzyme secretion or generation by stimulated neutrophils of°2 or H202 (24) , significantly diminished the development of hemolysis. What seems likely is that the intravascular hemolysis in thermally injured rats is not the direct result of interaction of RBC with complement activation products such as the membrane attack complex. Although we were unable to detect uptake of complement components onto RBC obtained from thermally injured rats (Table III) , these negative data need to be viewed with caution. It is possible that the techniques are not sufficiently sensitive to detect small amounts of complement taken up on the surfaces of RBC. It is also possible that RBC coated with products such as C3b are rapidly sequestered into sites such as the spleen or the liver, where interaction with phagocytic cells results in their lysis. Also to be emphasized, our calculations (described above) suggest that the number of RBC undergoing lysis is quite small (estimated to be -1%), which implies a formidable challenge to identify such a small population of cells, especially if their uptake ofcomplement components is very limited. The question is still open as to whether complement-induced modification of RBC is important in the neutrophil-dependent and oxygen radical-mediated process of lysis of RBC.
Whether adherence-promoting factors play a role in the in vivo intravascular hemolytic process in our model ofacute thermal injury is unknown. The interaction of C3b-coated RBC could lead to enhanced adherence between RBC and neutrophils (25) . Oxidatively altered RBC might be reactive with "antisenescent" immunoglobulin (26) In the case of endothelial cell or RBC lysis induced by neutrophils stimulated with phorbol ester, C5a, or immune complexes (Table V) (3, 5, 24, 27, 28) there is no doubt that the lytic process can occur without the exogenous addition ofadherencepromoting proteins. Some investigators facilitate neutrophiltarget cell interaction by centrifugal means (27) can be no question that any process that will facilitate physical contact between neutrophils and target cells will likely enhance the extent ofcell lysis. Indeed, our inability to detect complement products such as C3b on the RBC surfaces from thermally injured rats may explain why the extent of hemolysis is quite limited, being the result of random encounters between RBC and activated neutrophils within the vascular compartment. Human RBC exposed in vitro to toxic oxygen species from neutrophils incubated with zymosan-activated serum (4) or with phorbol myristate acetate (5) showed evidence of erythrocyte membrane peroxidation and lytic reactions. It has been suggested that lysis, in part, is due to the influx of O°through the anionic channel and that intracellularly methemoglobin is produced in parallel with chemical events leading to lysis (2) (3) (4) (5) (6) (7) . It has been demonstrated that RBC exposed in vitro to relatively high concentrations of H202 develop evidence of lipid peroxidation, as indicated by the appearance of malondialdehyde (29) . There is also evidence that, under conditions of exposure of RBC to oxidants, cross-linking ofmembrane glycoproteins and sulfhydrylcontaining compounds occurs, resulting in an osmotically fragile RBC membrane (30) . Whether any similar biochemical changes are occurring in the RBC of animals thermally injured remains to be determined. However, morphometric analysis of RBC obtained from thermally injured animals have to date consistently failed to detect altered shape or RBC size as compared with RBC controls. Red cells obtained from rat blood before and 10 and 15 min after acute thermal injury have been examined for mean corpuscular volume using a Coulter counter with a channelyzer (Coulter Instruments, Hialeah, FL). In each of three animals at these three time points the curves determined by channel positions indicative of red cell volume were superimposable (Bruner et al., unpublished observation). These data suggest that in the events that occur immediately after thermal injury and culminate in intravascular hemolysis there is no measurable evidence of red cell volume change corresponding with or predictive of the hemolytic event. If the total red cell mass undergoing lysis is small (< 1.5% as suggested above), and ifonly these RBC destined to undergo lysis show volume changes, this may well be below the limits of detection.
It is noteworthy that hemolysis measured by 5"Cr-release from erythrocytes or endothelial cells incubated in the presence of neutrophils and PMA displayed maximal release in the supernatant between 1.5 and 4 h (5, 28). In the current study, hemolysis as measured by plasma hemoglobin content obtained in whole blood of thermally injured rats reached a peak within 15 min. In contrast, in vitro lysis of RBC or endothelial cells by phorbol-stimulated neutrophils is a slow process requiring several hours for completion (5, 24) . On the other hand, infusion of CVF into rats results in acute injury and necrosis of endothelial cells within the lung microvasculature, with a peak of injury occurring in 30 min (10), a process far more rapid than that found in vitro (24) . These diverse observations are difficult to compare because of the different end points and the dissimilarities of whole animal studies compared with in vitro systems. Factors that account for the substantial differences in terms of time required for hemolysis or endothelial cell damage in vitro and in vivo cannot be definitively explained at present. It is possible that thermal trauma in some manner alters RBC to make them more susceptible to toxic oxygen products from complement-activated neutrophils. Either the thermal trauma per se could make the RBC more sensitive or RBC could be altered by contact with other factors (such as products of lipid peroxidation) that appear very early in the plasma following thermal injury of the skin (9) .
The data reported in this paper suggest that acute hemoglobinemia occurring after thermal injury is the result of toxic oxygen products generated from activated neutrophils following activation ofthe complement system. Since hemoglobinemia in humans is frequently associated with the development of acute renal tubular necrosis and acute renal failure, and since our data suggest the availability ofinterventions to prevent RBC damage, further investigations into the role oftoxic oxygen products from leukocytes in the causation of intravascular hemolysis are warranted.
The recent studies of Snyder et al. (31) shed some light on the ability of H202 to react with human RBC in a manner that causes cross linking of spectrin to hemoglobin. RBC modified in this manner undergo echinocyte formation and reveal diminished susceptibility of phosphatidylcholine to hydrolysis by bee venom phospholipase, suggesting that changes in the inner bilayer of the cell membrane of the RBC together with cross linking ofspectrin and hemoglobin may be linked to the changes. It has also been shown that RBC modified by exposure to H202 become adherent to and phagocytized by blood monocytes. Oxidatively altered RBC may be reactive with IgG antibody to agalactosyl residues (26) . Whether RBC modified in this manner stimulate phagocytic cells to produce an oxygen radical burst that will cause RBC lysis, is a question we are currently exploring.
